In the investigation of many clinical problems the determination of changes in the plasma and total blood volume occurring either rapidly or over long periods is of considerable interest. Since the introduction of the dye method by Keith, Rowntree and Geraghty in 1915 (1), several authors: Griesbach (2), Seyderhelm and Lampe (3), Heilmeyer (4), H. P. Smith, (5, 7), Graff and Clarke (6) , Uhlenbruck and Leyendecker (8) , Brockmann (9) and Sunderman (10) have emphasized the unreliability of the original method for clinical uses. In 1935 Gregersen, Gibson and Stead (11) summarized the errors inherent in the earlier methods and developed a method (12) employing the blue azo dye "T-1824" recommended by Dawson, Evans and Whipple (13) determining the dye concentration of samples with the spectrophotometer. In this paper we will describe a modification (14) of this method used by us for investigation of clinical problems and discuss the method in light of our experience therewith.
METHODS
The dye solutions used are so opaque that the head of the plungercannotbe seen when the syringe is filled. Lines are engraved on the plunger of a 10 cc. glass tipped syringe near the head and on the barrel near the open end in such a way that when these lines are opposed, the head of the plunger is opposite the 10 cc. graduation on the barrel. Each syringe is calibrated by weight of distilled water contained when filled to the tip. Accurate delivery of dye in amounts from 3 cc. to 10 cc. is thus assured. Blood for serum is delivered into 6 cc. pyrex tubes, a light coating of thin liquid petrolatum being used to prevent adherence of the clot to the tube.
Hematocrit tubes are calibrated to contain 4 cc. and graduated into ten volumetrically equal '3 divisions numbered 1 to 10 from the bottom of the tube; these divisions are further graduated by linear measurement into 10 equal subdivisions. A 1.5 per cent aqueous solution of recrystallized potassium oxalate is used as an anticoagulant, the tubes being filled to the graduation numbered 2. Blood is run directly from the syringe into the tubes to the graduation numbered 10, and mixed with the oxalate by inversion.
All syringes used for the withdrawal of blood must be dry. Needles, syringes, etc., are sterilized by autoclaving.
Preparation of dye solutions and determination of standard values The same lot of T-1824 has been used throughout our investigation. This dye now called "Evans Blue," after Dr. H. M. Evans, was obtained from the Eastman Kodak Company. It is free from impurities, and is the same used by Dawson, Evans and Whipple (13) Standards are prepared in concentrations as shown in Table I . A fresh ampoule is opened for each standardization. A dye free serum blank for spectrophotometric reading is prepared by adding 0.2 cc. of normal saline to 1.8 cc. of clear serum.' An initial dilution in 0.85 per cent saline of the dye used for injection to one-tenth of the final dilution is made, and standards are prepared in triplicate by adding 0.2 cc. of the initial dilutions to 1.8 cc. of the same serum used in making the blank. The accepted value is taken as the average of the spectrophotometric readings of the three standards at wavelength of 6200 ,u using cells 20 mm. in depth. Table I shows the standard values obtained for 9 lots of dye so prepared. The variations encountered in individual standardizations, being about plus or minus 1.5 per cent, are within the limit of error of the technique for making up standards and of spectrophotometric reading. The optical properties of the dye are constant when prepared in the manner described. This procedure eliminates the preparation of a standard for each determination, the standard value for each lot of dye being used for the calculation of plasma volume in all determinations made with that lot.
PROCEDURE
All studies are carried out with patients under basal conditions. In many instances, blood volume determinations were accompanied by measurements of venous pressure by the direct method described by Evans (15) and blood velocity rates by the intravenous injection of " Decholin " as described by Winternitz, Deutsch and Brull (16 Repeated and continuous determinations For determining changes in plasma and total blood volume in the same individual, two types of procedure are available, termed by us the " direct " and " indirect " methods. The direct method consists of repeated single determinations in the same subjects at significant intervals, carried out as described above. The amount of dye used for each determination may be reduced if injections are to be made at short intervals.
In the indirect method, the slope of dye disappearance from the blood stream following a single injection is determined during a control period. The deviation in dye concentration of serum samples taken during an ensuing experimental period from the prolongation of the control disappearance slope represents changes in the plasma volume: an increase or decrease in dye concentration of a sample from that of a synchronous point on the disappearance slope indicates a reduction or increase in plasma volume respectively.
Changes in plasma and total blood volume occurring during the experimental period are calculated by the following formula:
P.V. X AD sl. P.V. 
FIG. 1. STANDARD PROTOCOL FOR ROUTINE BLOOD VOLUME DETERMINATIONS
The method of extrapolation of the disappearance slope to obtain the optical density on which the calculation of plasma volume is based, and the portions of the curve designated by us " mixing curve," " disappearance slope," and " mixing time " are clearly shown.
T.B.V.1, 2, egt, in cc. = P.V.I, *. zot. The indirect method lends itself to the study of changes in plasma and total blood volume occurring over periods of from a few minutes to several hours. When the experimental period is short (30 to 60 minutes), a blood volume is carried out in the usual manner except that blood samples for determination of the disappearance slope are taken over a period of time following the dye injection approximately equal to the length of the experimental period. When volume changes are to be followed over a period of several hours the initial volume determination is carried out 12 to 16 hours before the initiation of experimental procedures, from 15 to 30 mgm. of dye being injected. Patients (19) ) large errors will occur. In subjects with low plasma volumes the con- 8 Gregersen, M. I. In preparation for publication. centration of dye in the sample will be greater than that of the standard "and an erroneously high volume value will be obtained, while the reverse condition will be encountered in subjects with large plasma volumes. Thus colorimetry with the Dubosq instrument fails to reveal extreme variations in plasma volume.
This type of error is eliminated with the spectrophotometer, since the absorption cells used are of equal depth, and the dispersion of light in both is equal. Both cells contain the same solvent (serum) in the same concentration, the color value thereof being cancelled; and with the instrument set at the wavelength of maximum absorption of Evans Blue in serum 6200 ,u,u (see Figure 4) , the reading obtained accurately determines the difference in color between dye free and dyed samples due to the dye alone. 
D2
We have determined the value of the constant Kd to be 0.8. This formula can only be applied when the dye free or at least one of the dyed samples is hemoglobin free. When the dye free sample contains no hemoglobin, correction of all hemolyzed dyed samples is simply made. When the dye free sample is hemolyzed, a non-hemolyzed dyed sample is read against it; the values thus ob-tained for A and B are used in the formula and the corrected value for the dyed sample at 6200,gA calculated. The difference between the corrected value so obtained and the actual reading at 6200,u,u constitutes the error at that wavelength due to the hemoglobin in the dye free sample.
Should some samples in the series also be hemolyzed, readings against the hemolyzed dye free sample are taken at 6200 ,u,u and 5740 ,u, and the value determined for the error at 6200 ;,u due to hemolysis of the dye free sample added to the reading at 6200,u, and the corresponding value for this error at 5740,u, (forty times the amount at 6200 uAA) added to the reading obtained at 5740,u,u, and these corrected values for A and B are used in the formula.
The dye free sample may be so greatly hemolyzed that the absorption at 5740,u,u may be greater in the dye free than in the dyed sample in which case the value obtained for B must be used as an algebraically minus quantity.
Mixing of dye in the blood stream Methods in common use are based on the assumption that injected dye is completely mixed in the blood stream in all cases in from three to six minutes and that there is no significant loss of dye from the plasma during the mixing period.
When samples are taken at three or four minute intervals over a period of thirty minutes after dye injection (see Figure 1) , the dye concentration of successive samples falls rapidly at first, gradually reaching a constant rate of decrease. The initial rapid fall in concentration is due to mixing of dye in the blood stream, and this portion of the curve is termed by us the "mixing curve"; the subsequent portion in which the fall in concentration is constant, the "disappearance slope"; and the tangent point of these two curves the "mixing time. " Mixing time is related principally to the blood velocity rate as illustrated in Figure 6 , in which it is seen that the mixing time of normals (as determined with 3 cc. to 10 cc. of dye) falls within narrow limits, averaging 7.5 minutes; that of cases of hyperthyroidism is more rapid; while in cases with velocity rates greater than twenty-five seconds, the normal average mixing time is exceeded; and that when the velocity rate is very slow the mixing time is greatly prolonged. Figure 7 shows composite mixing curves in four groups of cases: normal, hyperthyroidism, moderate, and severe congestive heart failure. Analysis of these groups shows the degree of error to be encountered when the volume calculation is based on the dye concentration of a single sample taken three minutes after dye injection, as compared to the volume obtained by this 
Hematocrit
The dye method is essentially for the determination of the plasma volume, and the validity of the total blood volume calculation, based on hematocrits, rests on the assumption that hema- The rate of disappearance becomes practically constant from about 12 hours after injection on. In the curves of cases injected with 30 mgm. and 15 mgm. of dye the progressive fall in dye concentration of serum from serial samples taken at short intervals is shown. Disappearance slopes constructed from these points would be in excess of the prevailing disappearance slope for the 24-hour period.
excess of 5 per cent of the plasma volume can be reliably measured.
We have studied the disappearance from the blood stream of varying amounts of intravenously injected Evans Blue over 24 hour periods in four normal subjects. They were at complete bed rest and were maintained on a light carbohydrate diet and given water as desired throughout the observation period. An initial blood volume, with different amounts of dye in each case was carried out, and the disappearance of dye from the blood stream thereafter was followed by means of single or multiple blood samples taken at 1 to 3 hour intervals. Results are shown in Figure 8 . Table III gives the rates hours later samples for determination of the disappearance slope were taken by separate venipunctures at 20 minute intervals for two hours. The results of these studies are shown in Table IV . The average determined rate of disappearance during the 2-hour period, 16 hours after dye injection in these 10 individuals is 2.20 per cent per hour, which compares well with an average disappearance rate of 2.19 per cent per hour for the 16 to 20-hour period in the 24-hour group. (See Table III .) However, in some instances (Experiments 135 and 229, Table IV ) the determined rate of disappearance is in excess of the average hourly rate of disappearance from the time of dye injection, a condition not in We have studied the rate of disappearance during 2-hour periods 16 hours after dye injection in 10 normal individuals under basal conditions. For the initial volume determination, 24 to 30 mgm. of dye were used and 16 keeping with the finding of a constantly diminishing rate of disappearance over the 24-hour period. We believe these instances are evidence of a circulatory change induced by the taking of serial blood samples.
When blood samples are taken over a period of from thirty to forty minutes through the same needle or by repeated punctures a progressive decrease in the cell volume percentage occurs. Figure 9 shows the average per cent of decrease in hematocrit values taking place over a period of forty minutes, amounting to about 3 per cent, as observed in 105 patients. The rate of decrease is at first rapid, becoming less after about twenty-five minutes. A similar change in hematocrit values and a fall in dye concentration of serum was observed in serial blood samples taken in the 10 cases listed in Table IV (22) . The effect of this decline in dye values tends to make the disappearance slope constructed from serial samples falsely steep. This is clearly illustrated in two of the subjects in whom dye clearance was followed for 24 hours. Several groups of serial samples were taken during the 24-hour period and in each instance, as seen in Figure 8, 
